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Early subnanometre cluster formation during quenching of a high-strength AA7449 aluminium alloy
was investigated using in situ small angle X-ray scattering. Fast quench cooling was obtained by
using a laser-based heating system. The size and number density of homogeneous nucleated clusters
were found to be strongly dependent on the cooling rate, while the volume fraction of cluster
formation is independent of the cooling rate. Heterogeneous larger precipitation starts at higher
temperatures in volume fractions that depend on the cooling rate.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4894768]
The fabrication of aluminium alloys involves a number
of thermomechanical steps such as solute-heat treatment
followed by fast cooling, i.e., quenching. It is well known
that the cooling rate influences the homogeneous and hetero-
geneous formation of precipitates and that the effect of these
differences on the mechanical properties cannot be removed
by additional aging. The typical precipitation sequence of the
equilibrium g phase (Mg(Zn,Cu,Al)2) in the Al-Zn-Mg(-Cu)
system is: GPZ! g0 ! g.1 Early studies by Lendvai and
L€offler on Al-Zn-Mg alloys report that vacancy-rich clusters
(VRC), acting as nucleation sites for Guinier Preston zones
(GPZ), can form during the cooling from the solutionizing
temperature.2,3 The number of VRCs strongly depends on the
quench parameters influencing the excess vacancies in the
structure. Clusters formed by only a few atoms4 have been
identified using 3D atom probe. Despite their small size, the
clusters are effective in increasing the yield strength of the
material.5 In addition to the VRCs, heterogeneous precipita-
tion of the equilibrium g phase occurs at higher tempera-
tures.1 It is therefore not surprising that when producing thick
Al alloy plates, the resultant precipitation size, density, and
volume fraction are expected to differ across the plate
because of the difference in cooling rates. The latter creates
residual stresses at as quenched temper that are reduced by
stress relief. The remaining residual stresses at final temper
may lead to machining distortions. To investigate the influ-
ence of precipitation on residual stresses, thermomechanical
models linking solid-state transformations to the final stress
distribution have to be developed. Such simulation schemes
need input on size, density, and volume fraction of precipita-
tion as function of cooling rates that can only be provided by
experimentation.
Small angle X-ray scattering (SAXS) has proven to be a
useful tool for the investigation of precipitation phenomena.6
SAXS is a well established technique for investigating
clusters with high contrast in atomic number with respect
to the matrix. SAXS has been used extensively to study
precipitation phenomena in Al alloys ex situ and also in situ
during aging.6–8 Providing information on the size and
volume fraction of the precipitates, SAXS validated
thermodynamic-based precipitation model predictions7,9 of
the effect of aging on precipitation. There is however no in-
formation to be gathered available on precipitation during
rapid cooling. The high brilliance of modern synchrotron
sources allows information with a time resolution in the
range of seconds and even nanoseconds.10–14 In this work,
we report on homogeneous and heterogenenous nucleation
and growth of precipitates in an Al-Zn-Mg-Cu alloy during
in situ rapid cooling in a SAXS environment.
A commercial high strength AA7449 alloy (Al-7.5–8.7
Zn-1.8–2.7 Mg-1.4–2.1 Cu wt. %) was used for this study.
The specimens were taken from the quarter thickness of a
75mm plate featuring a size of 3 25 0.5mm. The sam-
ples were solutionized for 1 h at 474 C and quenched in
water to dissolve residual precipitation. To minimize natural
aging effects, the samples were stored in a freezer at—20 C.
The SAXS experiments were performed at the cSAXS beam-
line of the Swiss Light Source (SLS) at the Paul Scherrer
Institut (PSI, Villigen Switzerland). The samples were posi-
tioned upright, and a laser-based heating system,11 which
was originally designed for the TOMCAT beamline of
the SLS, was installed around the sample position.
Homogeneous radial heat distribution was ensured in the
sample by heating the sample from both sides at the same
height. This setup allows the solution heat treatment and sub-
sequent fast quenching of the sample by carefully controlling
the power of the lasers. The temperature profiles were PID
controlled by manipulating the output power of the lasers
based on the temperature readings from a K-type thermocou-
ple. The thermocouple was attached to the sample by
spot welding and reinforced by a two-component glue. The
height of the heating location was positioned at the height
of the X-ray beam, which was around 2mm above the ther-
mocouple. The temperature gradient between the heating
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position and the thermocouple position was measured for
different temperatures and accounted for in the applied tem-
perature profile and during further data analysis.
The small angle X-ray scattering experiments were per-
formed at a wavelength of 0.774 A˚ (16 keV). The distance
between the sample and the Pilatus 2M pixel detector was
2.1m giving an accessible scattering vector range of
0.007 A˚ÿ1 q 1 A˚ÿ1 (Figure 1). The beam diaphragm was
completely opened (200 200 lm2) to ensure good grain
and measurement statistics. In order to observe the dynamic
processes during quenching, detector patterns were recorded
every 0.5 s. Before the quench, the samples were heated to
solutionizing temperature at 474 C and held for 7min to
homogenise the microstructure. Figure 2(c) illustrates the
three cooling conditions, differing in quench rates that were
applied to cool the samples to room temperature. The slow
and the medium quench (SQ and MQ, respectively) rates
were realised by 3 linear temperature ramps. The fastest
quench (FQ) rate was achieved by switching off the lasers.
The FQ rate cooled the specimen from the solutionizing tem-
perature to 200 C in 10 s, corresponding to a cooling rate of
about ÿ25K/s. The MQ and SQ curves incorporated slower
cooling rates of about ÿ15K/s and ÿ5K/s between 420 and
200 C and therefore required longer total cooling times (20 s
and 45 s, respectively). At lower temperatures, the cooling
rate is similar to Newtonian cooling. The time to reach near
room temperature (35 C) from 200 C is 95 s, 180 s, and
245 s for the FQ, MQ, and SQ samples, respectively.
Inspection of the 2D SAXS distributions revealed iso-
tropic scattering for all scattering angles, and thus, the inten-
sity for each scattering vector was azimuthally averaged. In
order to further increase the measurement statistics, the de-
tector images taken during the quench from solutionizing to
room temperature were averaged over 100 equidistant tem-
perature segments (DT 4.5K). The scattering spectra at the
solutionizing temperature were used for background subtrac-
tion. The absolute intensity was calibrated using glassy car-
bon as a secondary standard.15 Structural information, such
as Guinier radius (Rg) and scattering invariant (Q), were
extracted from the scattering data by using a model-
independent analysis as performed by Deschamps and de
Geuser.16,17 The average particle size was estimated using a
self-consistent Guinier approximation.16 The uncertainty of
the Guinier radius was calculated from the error associated
with the slope of the linear Guinier fit. The volume fractions
of the two phases were obtained from the scattering invari-
ant, which corresponds to the integral of the Kratky plot
from 0 to infinity.17 The minimum between the two scatter-
ing contributions in the Kratky plot (Figure 1) was used to
separate the invariants of both phases. The contribution at
high q-values was extrapolated from a q-value of 0.07 A˚ÿ1 to
0, instead of 0.007 A˚ÿ1 for the whole scattering spectra. The
contribution at low q-values was calculated as the difference
of the two integrals. Assuming a two-phase model for the
microstructure, the volume fraction, fv, can be calculated
from the scattering invariant as Q ¼
Ð1
0
IðqÞq2dq
¼ 2p2ðDqÞ2fvð1ÿ fvÞ, where I is the absolute scattered in-
tensity and Dq is the difference in the scattering length den-
sity between the matrix and the precipitate. The scattering
vector q was calculated as q ¼ 4p=k sinð2h=2Þ, where k is
the wavelength and 2h the scattering angle. The chemical
composition of the precipitates was assumed to be 24.5 Al,
36 Zn, 34Mg, 5.5 Cu for the clusters18,19 and 14.6 Al, 38.3
Zn 33.3Mg, 13.8 Cu for the g phase (in at %).20 The accu-
racy of the volume fraction estimation cannot be expected to
be better than 610% due to the uncertainties related to the
absolute intensity calibration, the extrapolations of the data
in low-q and high-q regions, and assumptions of the chemi-
cal composition.17 The number density of the precipitates
FIG. 1. The Kratky plot (Iq2 vs q) as a function of temperature for the fastest
quench (FQ). The Iq2 scale in the Kratky plot was set to a value of 0.3 in
order to better observe the evolution at high-q.
FIG. 2. Evolution of (a) the volume fraction of the g phase, (b) the volume
fraction of clusters, and (c) the cooling rates of the three quenches as func-
tion of temperature.
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was calculated by N ¼ fv=ð4=3pR
3
gÞ. It has to be noted
that, due to the measurable momentum transfer having been
limited to q 0.007 A˚ÿ1, the Guinier radius could not be
measured reliably for the g phase. This leads to an underesti-
mation of the g volume fraction since part of the scattering
contribution is cut off. Yet, the underestimated volume frac-
tion still provides a good estimate of the temperature range
of the g formation. Further, the reproducibility of the setup
was verified by applying the same cooling conditions to two
different samples for two different quench rates, which give
similar results in both cases.
Figure 1 illustrates an example of the scattering depend-
ence on applied temperature using the Kratky representation
(Iq2 vs q). Since the scattering curve at the solutionizing tem-
perature was used for the background subtraction of the data,
no scattering effects can be observed at the solutionizing
temperature. During cooling, two scattering phenomena
were observed and were seen regardless of the applied
quench speed. First, upon cooling, for small q values, the in-
tensity increases dramatically, which indicates large-scale
scatterers (Figure 1). These objects refer to the equilibrium g
phase, which is known to precipitate heterogeneously on dis-
persoids and grain boundaries. The volume fraction and size,
typically ranging from 10 to 100 nm, depend strongly on the
cooling rate. Heterogeneous precipitation at higher tempera-
tures is undesirable since it lowers the mechanical properties
such as yield strength, toughness, and fatigue in the resulting
material.1 It is evident that the cooling rate of ÿ25K/s is not
fast enough to avoid heterogeneous precipitation at high tem-
peratures in this alloy. Figure 2(a) illustrates the volume
fraction evolution of g for the three cooling rates. In each
sample, the scattering from g precipitates starts around
400 C and saturates around 200 C. Moreover, the formation
of g clearly increases with decreasing cooling rate, which is
expected due to longer time at high temperature.
Figure 1 also shows that further cooling leads to an
increase in the scattering intensity around a q-value of
0.3 A˚ÿ1. This indicates that the scatter is within a length
scale of a nanometer, which corresponds to a cluster or GPZ.
In addition, the observed isotropic scattering points to clus-
ter/GP zones with a “blocky” and no 2D structure directly
after quench, as was proposed in Ref. 18. The volume frac-
tion of the small scatterers starts to increase at around 300 C
and increases as temperature decreases to room temperature
(Figure 2(b)). This is a useful input for precipitation model-
ing since it describes the temperature range in which small
clusters form during quench.
The cluster volume fraction evolution is similar for the
three cooling rates, and no clear dependence on the cooling
rate is observed. This is unexpected since faster quenching
should lead to less precipitation. The slow quench features
the lowest volume fraction of clusters (4.5%) compared to
the fast and medium quenches, which both exhibit slightly
higher volume fractions of clusters (4.9% and 5.0%, respec-
tively) at the conclusion of quenching.
In contrast to the g phase, the cluster size is rather small.
The Guinier radius is illustrated as function of temperature
in Figure 3(a) together with the estimated error. A decreasing
Guinier radius can be observed between 290 C and 220 C,
which can be related to the decrease of the critical radius as
the temperature decreases. However, the scattering signal at
high-q in this temperature region is low and the uncertainty
of the Guinier radius is high. During further cooling to
100 C, the Guinier radius of the clusters increases rapidly.
The cluster growth depends clearly on the cooling condi-
tions: the radius is largest (0.72 nm) for the slow quench
condition and smallest (0.55 nm) for the fastest quench.
Further cooling to room temperature shows a decrease in the
average radius of the cluster. This indicates that limited mo-
bility inhibits further growth of the existing clusters, but that
ongoing nucleation of new clusters or GPZ with a smaller
critical radius than the average size of the clusters already
present in the sample does occur.
Figure 3(b) shows the calculated number density of clus-
ters as a function of temperature. The cluster density, which
is calculated from the Guinier radius and the volume frac-
tion, increases continuously in all three cases. Yet, there are
deviations from continuous growth between 220 C and
150 C, where the size estimation becomes difficult. This is
particularly true around 150 C, where the decrease in cluster
density is not natural and indicates an underestimated cluster
size; this in turn leads to an overestimation of the cluster
density. Overall, the density of cluster is highest in the fast
quench and lowest in the slowest quench sample. Slower
cooling rates at higher temperatures lead to a lower density
of excess vacancies at lower temperatures.21 This could
explain the lower number density of clusters for lower cool-
ing rates since early clustering is strongly influenced by the
number of excess vacancies, as reported by Lendvai3 but not
FIG. 3. Evolution of the Guinier radius (solid lines) and the number density
(solid lines) of the clusters is shown together with the cooling rates (dashed
lines) as a function of temperature for the three samples.
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yet seen in experimentation. It might also explain the same
volume fraction evolution for the three cooling rates. The
longer time for precipitation during slower quench speed is
balanced by a smaller amount of excess vacancies due to
their annihilation on defects. In addition to the vacancies that
influence the clustering, the solute loss by the g precipitation
can also influence the cluster formation by decreasing the
thermodynamic driving force. The observed early clustering
would have a marked effect on the yield strength of the ma-
terial due to cluster strengthening. It would also have a pro-
nounced influence on the residual stress build-up during
quenching of large components.
In conclusion, in situ time-resolved SAXS measure-
ments during quenching of an AA7449 aluminium alloy
revealed the cooling rate dependence of homogeneous
cluster formation. Subnanometre clustering starts around
300 C. The average size of the clusters at room temperature
depends strongly on the cooling rate, where larger cluster
sizes occur at slower cooling rates. The cluster density
increases with faster cooling rates, which can be ascribed to
the higher number of excess vacancies when cooling speed
is increased. Interestingly, the evolution of the volume frac-
tion of clusters during cooling is very similar for all cooling
rates. Finally, heterogeneous formation of precipitates dur-
ing cooling takes place in the temperature regime between
400 and 200 C and is more pronounced at lower cooling
rates.
Our results bring new insights into homogeneous and
heterogeneous nucleation and growth of precipitates, provid-
ing valuable input for simulations attempting to predict re-
sidual stresses in thick plates. We anticipate that the in situ
experiment developed here can be optimized for cooling
rates closer to those reached during additive manufacturing,
and as such, will contribute to understanding the differences
in microstructures and residual stresses among the various
manufacturing methods. Future developments of high-
intensity and ultra-fast scattering methods such as the
free-electron laser will further enhance the value of in situ
cooling experiments.
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